Introduction

42
The complex geological history of the Caribbean archipelagoes has long been considered a major 43 factor promoting population isolation and speciation in different vertebrate groups (Alonso et al., The aim of the present study was to analyze the genetic diversification of G. punctata species complex 141 in Cuba, on the basis of a comprehensive sampling of its distribution including saltwater, brackish and 142 freshwater habitats, in order to test the hypothesis that the geological history of the Cuban archipelago 143 is the main factor which drove the divergence and the distribution of the main groups. We sequenced a 144 set of mtDNA regions and genotyped nine nuclear microsatellite loci in order to describe and analyze 145 the pattern of genetic differentiation according to the geographic distribution of the samples. Five 146 main mtDNA haplogroups were found, two more than the three previously identified (Lara et al., 147 2010 ). These haplogroups are geographically isolated but not associated with different salinity levels. 148
Four of these groups were also supported by the analysis of the nuclear DNA polymorphism. Their 149 geographic distribution suggested a strong association with major relict territories of the Cuban 150 archipelago that were episodically joined or split-up by changes in seawater level and land uplifts. We 151 also used cytb partial sequences and these microsatellite loci to decipher genetic structures within 152 these groups. This study contributes to a much better understanding of several aspects of the 153 phylogeography of the Gambusia punctata species group in Cuba and the Caribbean. In order to have a comprehensive representation of the genetic diversity of the G. punctata species 157 group, including fresh, brackish and salt-water environments, we sampled most of the distribution area 158 in Cuba ( Fig. 1; Supplementary material 1a) . A total of three hundred four (n = 304) fishes were 159 collected at 66 localities using hand nets or seine nets depending on the river depth and topology. Fish 160 capture and sample collections were done under the permits: CH-40-DB (026) 08 and CH-8116247-5, 161 issued by the Cuban Centre for Environmental Inspection and Control (CICA). Prior to fixation in 162 95% ethanol, the fish were euthanized with tricaine meta-sulphonate (MS-222). All specimens are 163 preserved in the collection of the Centro de Investigaciones Marinas, University of Havana. 164 165 2.2 DNA extraction, mtDNA amplification, and analysis 166
We extracted DNA from small portions of muscle tissue (~3mm) using the NucleoSpin® Tissue Kit. 167
For a total of 141 individuals, the 5' domain (752 bp) of cytb was amplified using polymerase chain 168 reaction (PCR) with primers GluGamb (5´ACT CAA CTA TAA GAA CYC TAA TGG C) modified 169 from Meyer et al. (1990) and CB3 (5´ TGC GAA GAG GAA GTA CCA TTC) (Palumbi, 1996) . A 170 subset of specimens (n = 22), standing for the different cytb lineages, were additionally amplified for 171 six other mtDNA regions: 12SRNA -16SRNA, 16SRNA -tRNALeu -ND1, COI, COII-tRNALys, 172 COIII and control region that represented, including the cytb, a total of 4,763 nucleotide sites 173 (Supplementary material 1 a and b) to increase resolution of the mtDNA phylogenetic analysis. The 174 polymerase chain reaction (PCR) was performed with 5-100 ng of total DNA in a 50 µL final reaction 175 volume. The reaction contained 1 unit of GoTaq DNA polymerase (Promega), 1X enzyme Flexi 176 Buffer, 0.25 µM of each primer, 0.2 mM dNTPs, and 2 mM MgCl2. The PCR products were purified 177 using the Illustra ExoStar 1-Step kit (General Electric Company), and a volume of 0.8 µL (5 -30 ng) of 178 the purified product was used for both sides sequencing with the Big Dye terminator sequencing kit 179 (Applied Biosystems). The fragments were resolved in an ABI 3100 automated sequencer (Applied 180 Biosystems). The sequences were deposited in the EMBL database under the accession numbers 181 provided in Supplementary material 1a. The sequences of G. puncticulata C (sensu Lara et al., 2010) 182 amplified and sequenced with the same set of primers were used as outgroup. In the case of the cytb, 183 available sequences of G. punctata (U18220), G. rhizophorae (U18223) and G. hispaniolae (U18209) 184 (Lydeard et al., 1995) , and G. rhizophorae (KM658368) (Heinen-Kay et al., 2014) were also included 185 in phylogenetic analyses. 186
Previous to alignment, the raw sequences were inspected by eye against the chromatogram using 187
BioEdit Sequence Alignment Editor v7.0.8.0 (Hall, 1999) . The alignments were performed with 188 Clustal W ( Thompson et al., 1994) in MEGA v7.0.26 (Kumar et al., 2016) . The seven gene regions 189 amplified from selected individuals were concatenated and considered as a single unit for the analysis. 190
The program MEGA v7.0.26 was also used to infer the model best fitting the nucleotide substitution 191 parameters of the data set, using a Neighbor-joining tree and a strong branch swap filter option. The 192 model was selected using the Bayesian information criteria (BIC). We used maximum likelihood (ML) 193
and Bayesian methods to infer phylogenetic relationships. The phylogenetic trees were obtained for 194 the cytb and the concatenated alignment sets. The ML phylogeny was obtained using MEGA v7.0.26 195 (Kumar et al., 2016) . The parameters of the selected model, nucleotide substitution matrix, gamma-196 distributed rate variation across sites, and proportion of invariant positions were used for tree 197 inference. Stationary base frequencies and substitution rates were optimized during tree inference. The 198 ML tree was found by heuristic search from an initial tree obtained by Neighbor-Joining and BioNJ 199 algorithms, optimized with the Nearest-Neighbour-Interchange (NNI) algorithm and a very strong 200 branch swap filter for an exhaustive search. The robustness of the nodes of the ML tree was assessed 201 using the bootstrap method with 1,000 replicates. 202
For Bayesian tree reconstruction with MrBayes 3.2 (Ronquist et al., 2012) , model parameters (i.e. 203 substitution rate matrix and stationary nucleotide frequencies) were those inferred from ML analyses. 204
The Bayesian inference was initially based on two independent runs using four Metropolis-coupled 205
Monte Carlo Markov chain for 2 x 10 6 generations, with sampling every 200 generations. 206
Convergence was confirmed examining various diagnostic outputs, particularly the Potential Scale 207
Reduction Factor (PSRF) and the Effective Sample Size (ESS). The ESS values were obtained using 208
TRACER v 1.6 (http://beast.bio.ed.ac.uk/). The MCMC chains were then run for a further 4 x 10 6 209 generations. The PSRF value approached one (PSRF = 1.002) and the ESS values were greater than 210 200, ranging from 1105.84-15025.75. The first 25 percent of the sampled trees were discarded as 211 burn-in. The sampled trees from both runs were used to construct a consensus tree and to estimate the 212 posterior probabilities of the nodes. 213
The relationships between haplotypes within each group were visualized as networks inferred using 214 the Median-Joining network algorithm (Bandelt et al., 1999) and the Maximum Parsimony (MP) 215 option to remove superfluous median vectors and links not present in the shortest trees (Polzin and 216 Daneshmand, 2003) which are implemented in Network 5.0.0.1 (Fluxus-engineering.com). Defaults 217 settings were used in all cases. 218
To infer putative species boundaries, we used the Poisson tree processes (PTP) model (Zhang et al., 219 2013) . Based on the phylogenetic species concept, this method models the speciation rates directly 220 from the number of substitutions under the assumption that the number of substitutions is higher 221 between than within species. We used the version implemented in the web site (https://species.h-222 its.org/ptp/). This performs a Bayesian implementation (bPTP) of the model and provided Bayesian 223 support for the putative species boundaries. The combined and the cytb trees obtained with the 224 program RAxML (Stamatakis, 2006) were used as inputs. The RAxML phylogeny was conducted on 225 an input alignment pruned of identical haplotypes and using the GTRCAT substitution model and the 226
Hill-climbing algorithm (Stamatakis et al., 2007) for a heuristic tree searching from a predefined initial 227 tree and constraining the outgroup to obtain a rooted tree. The number of MCMC generations for 228 bPTP was set to 500,000 while the other parameters were used as predefined (thinning = 100; burnin = 229 0.1). 230
Sequence divergence within and between groups was estimated using p distances. The variance of the 231 estimates was obtained by 1,000 bootstrap repetitions. All estimates were obtained using MEGA 232 v7.0.26 (Kumar et al., 2016) . 233
Microsatellite loci amplification and analysis 234
We used nuclear loci to contrast the hypothesis obtained by analyzing the mtDNA sequences. Nine 235 microsatellites loci were amplified from a total of 228 individuals from 33 localities encompassing the 236 geographic distribution of the species group. The loci analyzed were: Gaaf10, Gaaf13, Gaaf15, from other species pairs. The distribution of pairwise F ST estimates under the hypothesis of no difference between two clusters was obtained by permuting 10,000 times genotypes between clusters 267 using Arlequin 3.5.1.2 (Excoffier and Lischer, 2010) . 268
Population subdivision inside groups 269
We used analysis of molecular variance (AMOVA) (Excoffier et al., 1992) on cytb sequences to test 270 for possible population partitions inside groups based on results of haplotype distributions and the 271 different geographic regions (e.g. plains, mountains, island, and keys) inside area distributions. 2C). The second haplogroup, including GenBank sequence U18220 (Lydeard et al., 1995) , was not 311 recovered by either method with the cytb only but received strong support with the concatenated data 312 set (Supplementary material 2). It is distributed from southwestern Pinar del Río to Matanzas 313 provinces and Isla de la Juventud and was identified as G. punctata. Its populations were found in 314 rivers from the western plains and mountain rivers/streams (i.e. localities 17; 18; 20; 24; 25) of the 315 region. Some populations were found in brackish and saltwater (19; 23; 26). Both G. rhizophorae and 316 G. punctata haplotypes were sympatric in Baracoa River ( Fig. 2A, C) . Four cytb sequences were 317 identified as G. punctata and 11 as G. rhizophorae, and both species were syntopic at localities 8 and 318 9 ( Fig. 1, Supplementary material 1a) . The third haplogroup, named here Gambusia sp. according to 319 province, inside G. punctata distribution area (Fig 2A, C) . Although sampled in a freshwater source in 325 the riverbank, it might be systematically exposed to salinity level variations due to its proximity to the 326 river mouth. 327
The tree constructed with concatenated mtDNA sequences strongly supports the sister relationship 328 between G. punctata and Gambusia sp. D. while the node relating G. rhizophorae as sister to this 329 clade was only well supported by Bayesian inference (Bayesian posterior probability = 1; ML 330 bootstrap = 79%) (Supplementary material 2b). Gambusia sp. was the first group to split off. 331
The putative species boundaries using the bPTP model analysis on the cytb and the combined 332 sequence set agree in suggesting most main groups (Supplementary material 3). As expected, the 333 combined sequence set outperformed the cytb results on this analysis (see Zhang et al. 2013) . 334
However, we only observed strong support for Gambusia sp. with the concatenated data set (Bayesian 335 support = 0.976). Interesting, the bPTP analysis with the combined sequence set provides some 336 support for a split of G. rhizophorae into two separate groups, the first including most of the 337 populations and the second, including Mil Cumbres population only (Supplementary material 3). 338
With cytb, mean uncorrected p distances within haplogroups were relatively low ranging between 339 0.4% ± 0.12 in Gambusia sp. and 1.6% ± 0.19 in G. rhizophorae (Table 1 ). In this latter case, when 340 split into the two groups defined above, the estimates were much lower: 0.1% ± 0.1 in Mil Cumbres 341 and 0.4% ± 0.1 in G. rhizophorae without Mil Cumbres). In contrast, mean sequence divergences 342 between haplogroups were high in all pairwise comparisons ranging from 3.4% ± 0.6 between G. 343 punctata and Gambusia sp. D to 5.5% ± 0.7 between Gambusia sp. D and Gambusia sp. The mean 344 distance between Mil Cumbres and other G. rhizophorae populations was also high (2.7% ± 0.5). proportions. After Bonferroni correction, only 3 loci showed heterozygote deficiency (Gaaf16 at 362
Camarones River, Gaaf22 at Cojimar River, and Gaaf13 at Bayamo River). Given that no locus 363 showed recurrent bias from expected proportions, all loci were used in subsequent analysis. For some 364 loci, a single allele was found at several localities (Supplementary material 1 and 4) . (Gambusia sp.). The STRUCTURE analysis showed complete differentiation between western and 373 eastern populations (Fig. 2B, C) . In contrast with the results from mDNA, the pattern found through 374 the analysis of microsatellite loci indicates directional introgression with a complete occurrence of 375
Gambusia sp. mtDNA across the hybrid zone (see localities 45, 48, 51, 58, 60) ( Fig. 2C) . 376
In order to estimate genetic differentiation between the four putative species, we excluded individuals 377 from the hybrid zone that is with the highest membership probability below 90%, sampled from 378 As mentioned above, G. rhizophorae and G. punctata haplotypes are sympatric in Baracoa River. 386
However, microsatellite loci analysis indicated that four individuals having G. punctata haplotypes 387 were clustered confidently as G. rhizophorae (Fig. 2B ). To perform a more detailed analysis on this 388 finding, the number of samples was increased from 15, in the first general analysis, to 31 including all 389 individuals from Baracoa River B1 and B2 localities (also localities 8 and 9 in Supplementary material 390 1a). The full set of samples from other localities belonging to both species was also included. Three 391 more individuals with G. punctata cytb haplotypes were identified totaling seven individuals with G. punctata mtDNA within the G. rhizophorae cluster (Fig. 3A) . Interestingly, the STRUCTURE 393 analysis of microsatellite loci also revealed some degree of hybridization at Papaya River. This 394 location is close to the western limit within the distribution area of G. punctata. Two of the three 395 individuals analyzed from this locality showed shared membership probabilities to both G. 396 rhizophorae and G. punctata (Fig. 3A) . 397
Genetic structuration of populations within groups 398
Within groups, mtDNA haplotype distribution appeared geographically structured, some haplotypes 399 been not shared by some regions or localities (Fig. 2C) . Indeed, most local populations showed unique 400 haplotypes, some haplotypes been shared between neighboring localities (Supplementary material 1a) . 401
We also analyzed the microsatellite loci using STRUCTURE to check whether both types of genetic 402 markers reveal similar spatial structures. First, we performed exploratory runs with K = 1 to 8 and five 403 repetitions to optimize computation effort. After determining the optimal value of K using the program 404 STRUCTURE HARVESTER, 20 replicates were performed. 405
In Gambusia rhizophorae, high cytb distances were found between Mil Cumbres (4) and the other 406 localities (14 mutations between the nearest haplotypes, p = 2.5% ± 0.5). In addition, a strong 407 population subdivision was evidenced using STRUCTURE analysis (with K = 1 to 8) of microsatellite 408 loci ( Fig. 3B; Supplementary material 5b) . According to Evanno's method, K = 6 showed the highest 409 probability and distinguished five populations in this group, whose geographic range correspond to 410 single rivers: Camarones (2), San Claudio (5), Baracoa (8, 9), Guanabo (10), Boca de Jaruco (11) and 411 Jibacoa (12). In only one case, El Vajazal Lagoon (1), it was detected mixed membership probabilities 412 with Camarones and Baracoa rivers indicating some shared ancestries. 413
In G. punctata, two major haplogroups (separated by 8 mutations, p = 1.6%) were identified, one 414 distributed along south Pinar del Río and another one distributed in La Havana, Matanzas, Isla de la 415 Juventud and La Grifa Key (23) in La Broa Cove. Curiously, haplotypes of both haplogroups were 416 detected in La Siguanea population (26), Isla de la Juventud, suggesting eventual dispersal from 417 western locations or ancestral distribution area ( Fig. 2C, Supplementary material 1a) . AMOVA 418 analysis detected additional genetic differentiation (Table 2) that is highly congruent with 419 microsatellite results (Fig. 3B) . The highest component of variance (73.5%) accounted for differences 420 among geographic areas while 6.4% explained differences among populations inside areas and 20.1% rivers. Cuabas River (66) was not included in the analysis because the haplotype (R1) found in this locality (n = 2) was common in the hybrid zone but absent from other localities of the eastern region. 449
The STRUCTURE analysis of microsatellite loci applied to the easter region and conducted for K = 1 450 to 5 (Supplementary material 5b) , concurred with mtDNA results in revealing three clusters (Fig. 3B) . 451
The first cluster was formed by Cojimar River (65) individuals (with K = 2 or 3); the second one, 452
containing Yara River individuals and the third one, grouping Cerro Colorado and Bayamo rivers were 453 revealed with K = 3. In this case, the two individuals from Cuabas River (66) showed membership 454 probabilities to two different clusters (Fig. 3B) . 455 456 
Genetic diversity and demography 460
Estimates of genetic diversity are shown in Table 3 . Most of the diversity estimates (π, Ho, He, the 461 percentage of polymorphic loci, number of alleles and number of private alleles), as well as the 462 number of differences among haplotypes, were higher in the western groups. Gambusia rhizophorae 463 showed a higher number of alleles (9.2, t (96) = 4.67, p = 0.00001) and a much higher number of private 464 alleles (n = 15) than G. punctata (n = 5), while Gambusia sp. D showed the lowest number of private 465 alleles (n = 2) and Ho (0.225). Gambusia punctata showed higher values of π (0.0109, t (70) = 4.33, p = 466 0.0005) and mean number of haplotype differences (8.163, t (70) = 3.98, p = 0.0002) than G. 467 rhizophorae. The distribution of private alleles was almost evenly among the analyzed localities of G. 468 rhizophorae (8/8), less so in G. punctata (5/8) and highly skewed on the other two groups: Gambusia 469 sp. D (1/6) Gambusia sp. (2/5) and hybrid zone (2/6). High and statistically significant F IS statistic 470 estimates were obtained for all groups due to lower than expected Ho values. This clearly reflects a 471
Wahlund effect consequence of the strong population structure observed. 472
We used Tajima 
Discussion
punctata species group in Cuba is higher than expected using morphological characters alone (Rivas, 490 1969) . Moreover, these genetically differentiated groups are well separated geographically and they 491 are currently occupying areas corresponding to the major ancient land cores of the Archipelago and 492 their current-time dryland surroundings. 493
Cryptic diversity 494
The lack of obvious morphological differentiation among cryptic species had often hampered an 495 accurate estimation of the biodiversity and biased our understanding of some evolutionary processes 496 The area in between central and eastern regions represents a large area of genetic intergradations and 523 hybridization between these two entities (the hybrid zone, see below). Finally, we found evidence for a 524 fifth putative cryptic species, restricted to a single locality at the mountainous area of Mil Cumbres, 525 and which represents a divergent mtDNA subclade within G. rhizophorae. The mtDNA phylogenetic 526 analysis suggests that Gambusia sp. D and Gambusia sp. are not sister groups. However, even if they 527 are they are distantly related (see Figure 2 and Supplementary material 2). We should note that 528 sequences from multiple independent nuclear genes are necessary in order to test the phylogenetic 529 hypothesis proposed here with the mtDNA sequences. 530
The PTP model analysis based on the mtDNA sequences provided strong support for Gambusia sp. Genetic distances, using cytb or COI partial sequences, were in all cases higher than 2% (2.7 -6.9%, 541
see Table 1 ), figures that suggest species-level divergence in most fishes (April et al., 2011; Johns and 542 Avise, 1998; Pereira et al., 2013) . In the same way, Jost's D statistic estimates based on microsatellite 543 loci were high in all group pairwise comparisons and F ST values were in the same range than those 544 estimated between Gambusia affinis and G. holbrooki, two species that currently hybridize in south-545 east North America (Wilk and Horth, 2016) and that show a cytb distance around 4.0% (based on p 546 distances between 28 G. holbrooki and 9 G. affinis 394 bp sequences retrieved from GenBank). 547
In order to distinguish intraspecific and interspecific levels of divergence, we have extensively 548 sampled along the distribution area of the nominal species G. punctata and G. rhizophorae. This 549 strategy revealed that each species is indeed an arrangement of populations showing, in some cases, 550 strong geographic structures. However, intra-species genetic distances were lower than between 551
species. 552
Although we did not reevaluate morphological characters, in a previous study Rivas (1969) niche conservatism as a mechanism that could be involve in morphological stasis. 570
Salinity as a driver of speciation 571
The geological history of the Cuban archipelago brings a remarkably attractive framework to 572
understand Gambusia fish biogeography in the Caribbean. As the land cores that represented the 573 Cuban palaeoarchipelago evolved disconnected to Central and North America, it implies that the 574 Gambusia species colonizing these areas were salt-tolerant, at least temporarily. Salt tolerance is 575 widely recognized in poeciliids, and particularly in Gambusia species, as a factor explaining several 576 possible cases of dispersal throughout marine barriers including the colonization of Cuban archipelago 577 punctata and G. rhizophorae live in allopatry (and parapatry at some localities) and are adapted to 585 different environments (Rivas, 1969) , suggested ecological speciation due to the adaptation to 586 different salinity levels, and reproductive isolation as a by-product. However, in all major clades of the 587 Gambusia punctata species group found in Cuba (i.e. Gambusia punctata, G. rhizophorae, Gambusia 588 sp. D and Gambusia sp.), we collected individuals inhabiting at least two of the three -freshwater, 589 brackish or saltwater -habitats (Supplementary material 1). This is consistent with previous findings 590 such as the presence of two Gambusia sp. populations inhabiting waters with contrasting salinity 591 levels (Lara et al., 2010) . All these findings suggest that adaptation to different salinity levels had not 592 been a key factor involved in the geographic differentiation of putative species in the Gambusia 593 punctata species group in Cuba. More generally, rather than ecological speciation due to the 594 distance to the parent species. The geographic diversification of the mtDNA hybrid zone and the 682 distinction between parent groups and hybrid mtDNA haplotypes and nuclear loci suggests that the 683 origin of the contact was not recent and that the hybrid zone has existed for some time, a pattern also 684 observed in other fish species (e.g. Carson and Dowling, 2006) . The example described here appears 685 similar to that found between Gambusia affinis and G. holbrooki, two species that hybridize at their 686 stable contact zone in the southern United States (Scribner and Avise, 1993; Wilk and Horth, 2016) . 687
Taxonomic insights 688
Given the strong genetic differentiation among groups and well-separated geographic distributions, we 689 propose to consider Gambusia sp. D and Gambusia sp. as putative species in addition to G. punctata 690 and G. rhizophorae. We provide a set of molecular markers unique to each of the four lineages 691 allowing their identification. Additionally, the cryptic lineage of G. rhizophorae from Mil Cumbres 692 although strongly divergent by the mtDNA and well delimited by a unique arrangement of diagnostic 693 nucleotide substitutions need further corroboration by the analysis of additional data (e.g. nuclear 694 genes). Detailed morphological studies and, ideally, formal descriptions of these putative new species 695 are now necessary to put them on the focus of management and conservation authorities. 696 697
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